Understanding plasmonic enhancement of nanoscale magnetic materials is important to evaluate their potential for application. In this study, the Faraday rotation enhancement of gold coated Fe 2 O 3 nanoparticles (NP) is investigated experimentally and theoretically. The experiment shows that the Faraday rotation of a Fe 2 O 3 NP solution changes from approximately 3 rad/Tm to 10 rad/Tm as 5 nm gold shell is coated on a 4.85 nm Fe 2 O 3 core at 632 nm. The results also show that the volume fraction normalized Faraday rotation decreases with increasing gold shell thickness. In addition, the clustering of the NPs induces a different phase lag on the Faraday signal, which suggests that the collective response of the magnetic NP aggregates needs to be considered even in solution. From the Faraday phase lag, the estimated time of the full alignment of the magnetic spins of bare (cluster size 160 nm) and gold coated NPs (cluster size 90 nm) are found to be 0.65 and 0.17 µs.
Magneto optical effect is the change of the propagation of electromagnetic waves when a quasistatic magnetic field is applied. 1 A typical example of that is Faraday rotation, when the phase velocity of the electromagnetic field is enhanced or decreased in a particular direction due to a slowly changing or static magnetic field. 2, 3 Materials such as magnetic photonic crystals, which produce large Faraday response to small applied fields, are a desirable and active area of research. 4 Application of nanomaterials to produce Faraday response is advantageous because of the colloidal processing and the enhanced optical properties over the bulk material. 5 Particularly, nanomaterials that are sub 10 nm in size produce less scattering at visible and telecommunication wavelengths of light. The Faraday rotation of the materials, which is linearly proportional to the applied magnetic field and the thickness of the material, 6 is characterized by the Verdet constant expressed in units of radians per tesla per meter. While diamagnetic materials follow the linear response quite well over a large range of magnetic fields, 7 magnetic materials including magnetic nanomaterials tend to exhibit a saturation effect due to the saturation of magnetization of the materials. 8 This saturation effect mostly takes place at relatively high field strength. At lower field strength the linear response is still a good way to characterize the magneto optical response of the material.
In the past decade, several nanoparticles and their composites were explored to produce enhanced Faraday rotation in nanomaterials. [9] [10] [11] [12] This enhancement in the Faraday rotation is allowed due to the complex composition of the material and the geometrical arrangement of the particles. E.g. Bamakov et al. found that the interparticle distance of Fe 3 O 4 (magnetite) nanoparticles strongly influences the Faraday rotation. 10 Their calculations based on the discrete-dipole approximation have shown qualitative agreement between their experimental findings and the theory, suggesting strong enhancement when the particles are spaced between 5-10 nm. Further increase of distance results in saturation of the Faraday rotation of the particles. Recently, calculations and experiments predict enhancement based on interaction of plasmonic and magnetic materials. [13] [14] [15] [16] [17] [18] Smith et al. have carried out a calculation that shows this enhancement for composites that contain both noble metal and ferrite nanoparticles. 19 Moolekamp et al. have created a colloidal gold and magnetite (Fe 3 O 4 ) nanoparticles composite where the nanoparticles are chemically linked using a bifunctional organic ligand, creating clusters of the two nanoparticle components. 13 The addition of gold nanoparticles results in a change in the sign of the Faraday rotation as well as an enhancement of the ellipticity by about a factor of two at the wavelengths corresponding to the surface plasmon absorption peak of the gold nanoparticles. Similar plasmonic enhancements were found by Uchida et al. with localized surface plasmon resonance, which is obtained in a sample with Au nanoparticles embedded in a Bi-substituted yttrium iron garnet film. 14 Recently, enhanced optical Faraday rotation in gold-coated maghemite was reported by Jain et al., which they call the surface plasmon resonanceenhanced magneto-optics or SUPREMO. 18 The experimental results clearly show that the magnetic enhancement of the Faraday rotation agrees well with the surface plasmon resonance of the gold coated Fe 2 O 3 nanoparticles.
In this study, the SUPREMO effect is further investigated to observe the functional dependence of the Faraday rotation enhancement of the Fe 2 O 3 nanoparticles on the thickness of their gold overcoat. The experiments are carried out at fixed wavelength (632 nm) with subsequent growth of gold shell on the Fe 2 O 3 nanoparticles. The results show that the Faraday enhancement changes sign when the gold coating is applied, in agreement with the previous results. In addition to the magnitude of the Faraday signal, the Faraday phase of the AC measurement strongly depends on the clustering of the particles, which undergoes changes when the gold coating is applied.
The schematic diagram of the Faraday rotation experimental setup is shown figure  1(a) . It consists of a laser source (He-Ne, 632 nm, 5 mW power), a sheet polarizer (to control the laser power), a second polarizer, an iris, a water cooled copper induction coil (4 turns, 1" diameter to generate the AC magnetic fields) connected with AC current source, a cell (as a sample holder, 39 mm long, contains sample solution), a pickup coil (37 mm ID, to detect the signals of the AC magnetic field), a Wollaston prism (to split the transmitted beam into two polarized light to the balanced photodiode to mirrors), a balanced photodiode (to collect the signals), an amplifier (to amplify the signals) and a computer (to record the signals). The polarizer allows controlling the laser power, which is fixed at 130 µW for all measurements. The laser beam becomes linearly polarized after passing through second polarizer. Then the light is passed through the sample solution, which is under the influence of the AC magnetic field. This magnetic field induced birefringence results in a rotation of the polarization of the incident linearly polarized light. The amount of rotation, φ, is proportional to the magnitude of the magnetic field, B, and to the length of the sample, L, υ is the constant of proportionality known as the Verdet constant. ∆n is the magnitude of circular birefringence (the difference in refractive index of left and right circularly polarized light in the medium), λ is the wavelength of the light. The transmitted light beam is split into two perpendicular polarizations by a Wollaston prism. The light beams are focused on a balanced photodiode. The signal from the balanced diode is then amplified and recorded in a computer. The pickup coil collects the signals from the AC magnetic field and is recorded along with the Faraday signal. The distance of the pickup coil is fixed in such a way that the distance between the pickup coil and the coil that produces the AC magnetic field is always the same for all measurements. The Faraday setup is tested by using commercially available Fe 2 O 3 nanoparticles. As the thickness of the gold shell increases with the addition of gold solution, the plasmon peaks shift to the lower wavelength region as shown in figure 3(a) for one of the batches. Figure 3(b) shows the color variation of the solutions after shell coating with gold. Color is changed from greenish brown to dark pink. The relationship between the plasmon peak and amount of the gold is plotted in figure 3(c) . As the thickness increases the peak maximum shifts to the lower wavelength region showing similar behavior like pure gold nanoparticles and shows a saturation effect after a certain thickness of the shell. This saturation effect means that after a certain thickness of gold shell, there is no significant effect of the inner core of Fe 2 O 3 nanoparticles on the plasmon peak of the nanoparticles. A similar trend is obtained for calculation using Mie scattering theory, which is shown in the dotted black line. 20, 21 The cluster size of the nanoparticles is measured by dynamic light scattering in every step after the addition of NH 2 figure  4 . In figure 4a , the Verdet constant of the composite solution at a particle concentration of 3.60×10 18 /m 3 (water signal is subtracted) indicates continuous rise. The Verdet constant of a dilute NP solution is proportional to the volume fraction of NPs. When the Verdet constant is normalized by the nanoparticle volume fraction, the shape of this curve changes (figure 4b). The effective Verdet signal exhibits a saturation effect and turns around at a NP radius of 7 nm. The magnitude of the Verdet constant is in reasonable agreement with the Verdet constant of other magnetic nanoparticle solutions and shows significant enhancement compared to traditional Faraday materials at 632 nm (e.g. terbium gallium garnet: 134 Rad/Tm at 632 nm.) While magnetic saturation effects could be important, at this field strength (0.00628 T) the nonlinearity of the Faraday signal can be ignored. Figure 5 shows the relationship between phase lag of the Faraday signal relative to the magnetic field. Phase lag with Fe 2 O 3 is relatively high and after addition of gold solution it decreases and is almost constant for other additions of the gold solution. The cluster size of the nanoparticles from dynamic light scattering experiments with the gold concentration is also shown in figure 5 . Similarly, the cluster size decreases with the addition of the gold solution for first three additions and remains almost constant for other additions. Clearly, this effect seems to show that on the time scale of the experiment, the nanoparticles show a dynamic alignment effect as a result of the rearrangement of the magnetic spins in a cluster consisting of many magnetic NPs. Based on the frequency used for the AC magnetic field (366 ± 3 kHz), the estimated times of the full alignment of the magnetic spins are 0.65 and 0.17 µs for the bare vs. coated NPs, respectively.
In order to better understand the origin of the enhancement of the Faraday rotation of the gold coated iron oxide NPs, a calculation has been performed based on electrostatic considerations (see supplemental material for details). The calculated Verdet constant of Fe 2 O 3 NPs as a function of wavelength is shown in figure 6 for 4.85 nm Fe 2 O 3 core radius using the Maxwell Garnet (MG) theory. The calculation indicates that as gold shell is coated on the Fe 2 O 3 NPs, the Faraday rotation at 632 nm will change sign. Furthermore, the Faraday signal is enhanced significantly when thicker gold shell is coated on the surface of Fe 2 O 3 core. As the surface plasmon resonance of the NPs shifts from red to blue, the Faraday signal will reach a maximum and turns back. This is only partly due to the actual shift in the plasmon peak position, but also originates from the increased scattering length of electrons due to thicker gold shell thickness. Since the dynamic light scattering data and the Faraday phase measurements indicate clustering, the Faraday signal is also calculated using a modification of the Maxwell Garnett theory to account for clustering. A simple way to do this is using Bruggemann theory, 22 which is applied to systems where the particles are electrically connected and the volume fraction is relatively high. The results from this simulation are shown in figure 7 . Qualitatively, the Bruggeman theory shows that the spectral features present in the Faraday rotation spectrum become broader and red shifted relative to the MG theory. As a result of the spectral changes, the Verdet constant at 632 nm does not show a maximum, but a continuous increase of the Verdet constant with increasing gold shell thickness. The experimentally measured Faraday rotation seems to be more consistent with the clustering model at a fairly large packing fraction like 70%. However, probably a more complete description of nanoparticle interactions is needed to consistently describe both the absorption and Faraday rotation spectra of these nanoparticle solutions simultaneously.
Conclusions
The Faraday rotation of gold coated Fe 2 O 3 NPs are measured at 632 nm. Theory and experiments show qualitative agreement in describing the Faraday effect of the goldcoated NPs. The Faraday rotation reverses sign when gold shell is applied. The experimental Faraday signal exhibits saturation with gold shell thickness at 632 nm, but theory suggests that the Faraday rotation will eventually diminish and reverse sign again with increasing shell thickness. The theory shows that the variation in Faraday rotation with increased gold shell thickness is directly linked to the blue shift of the gold plasmon mode with increasing shell thickness. The distribution of NP sizes and shell thicknesses will spread out the variation in Faraday rotation beyond that indicated in the theory. The results also indicate that clustering of the magnetic NPs in solution may induce significant effects on the optical properties of these materials. Using the NPs as isolators could be a significant improvement over commercial materials if this clustering can be minimized via manipulating the interparticle interactions, as well as improving the size distribution of the particles and the gold shell. 
